Summary Background/Objective: Despite many researches have been carried out on the three-dimensional microarchitecture of cancellous bone, the morphometric properties of rod and plate trabeculae in adolescent cancellous bone have not yet been investigated. This study aimed to investigate three-dimensional morphometric properties of rod-and plate-like trabeculae in normal adolescent cancellous bone, and to compare them with adult cancellous bones to reveal morphometric changes from adolescence to adult life to obtain more insight into the subchondral bone adaptations during development and growth. Methods: This study included 23 normal human proximal tibiae. These tibiae were divided into three groups: adolescents (9e17 years, n Z 6), young adults (18e24 years, n Z 9), and adults (25e30 years, n Z 8). From each tibia, six cubic cancellous bone samples (dimensions 8 Â 8 Â 8 mm 3 ) were sawed from each medial and lateral condyle, yielding a total of 276 samples. These samples were scanned using micro computed tomography leading to three-dimensional cubic voxel sizes of 10.5 Â 10.5 Â 10.5 mm 3 . The morphometric parameters of individual rod-and plate-like trabeculae were calculated and compared among three age groups.
rod-and plate-like trabeculae were calculated and compared among three age groups. Results: Significant differences in some morphometric parameters were revealed. The mean longitudinal length of rods was significantly greater in the adolescents than in the young adults. Plate volume density showed an increasing trend with age, although not significant. Trabeculae were more plate-like in adolescents in the medial condyle of adolescents than in the lateral condyle, and changed towards more plate-like trabeculae in the adults. The single best predictor for the mechanical properties was apparent density. Apparent density alone
Introduction
Three-dimensional (3D) microarchitectural, mechanical, collagen and mineral properties of normal adolescent cancellous bone have been investigated to obtain more insight into the subchondral bone adaptations during development and growth [1] . Microcomputed tomography (micro-CT) imaging with high spatial resolution has enabled a global analysis of the sophisticated 3D microarchitecture of cancellous bone describing the average structure for the whole bone specimen in an unbiased and assumption-free manner. Specifically, model-independent measures of the trabecular microarchitecture such as volume fraction, connectivity density, degree of anisotropy, trabecular thickness, separation, surface density and type of the structure (rod or plate) have been standardized and routinized for the study of cancellous bone and provided a strong tool and new insights into the transformation of cancellous bone structure in diseases [2, 3] . These investigations have revealed subchondral bone changes in proximal tibiae from development and growth to ageing [1, 2] and disease-related changes such as osteoporosis [4] , osteoarthritis [5, 6] , or diabetes [5] .
With further advance of imaging techniques in recent years, the developments in software for micro-CT data sets have achieved the ability to analyse individual trabecular elements separately [7] . Volumetric spatial decomposition (VSD) of trabeculae, developed by Stauber and Müller [7] , has enabled measurements of trabecular bone samples into its basic elements (rods and plates), which is a framework for the element-based description of bone morphometry. This technique has been applied to human cancellous bones from spinal column [8, 9] and femoral heads [9] . The 3D microarchitecture and morphometry of rod-and plate-like trabeculae were quantified and related to Young's moduli as assessed by the experimental uniaxial compression test and computational finite element analysis [8] . It is concluded that the individual morphometry of rod-and plate-like trabeculae helps improving our understanding of the relative importance of structural changes in the determination of the stiffness of bone.
The combination of morphometric parameters of rodand plate-like trabeculae and 3D microarchitecture is a useful tool for a detailed and quantitative description of age-and disease-related changes in the bone microarchitecture [9e11] . This methodology has enabled to show age-related and site differences in measures of individual trabeculae that may improve the understanding of the site-specific role of the bone microarchitecture in determining bone quality [8] .
We have recently reported global microarchitectural properties of normal human adolescent cancellous bone and their physical properties, collagen and mineral and mechanical properties [1] . This study has revealed that adolescent cancellous bone has similar bone volume fraction, structure type and connectivity, and significantly lower tissue density, bone surface density and mineral concentration but higher collagen concentration than in the young adult and adult cancellous bones [1] . However, the morphometric properties of rod-and plate-like trabeculae in adolescent cancellous bone have not yet been investigated.
Thus, the aims of this study were to investigate 3D morphometric properties of rod-and plate-like trabeculae in normal adolescent cancellous bone and to compare them with adult cancellous bones to reveal morphometric changes from adolescence to adult life to obtain more insight into the subchondral bone adaptations during development and growth. We further evaluated the associations between the morphometric properties of rod-and plate-like trabeculae and their mechanical properties, and determined the best predictors for mechanical properties from the measured morphometric parameters, together with the 3D microarchitectural parameters and physical and compositional properties (i.e., densities, mineral and collagen concentrations) in a study [1] , thus providing more insight into the adolescent bone microarchitecture and its role in determining mechanical properties. This investigation will improve our understanding of morphometric changes in individual rod-and plate-like trabeculae during development and growth. Prospectively, it may also help predict disease-related morphometric changes, such as osteoporosis-related fractures beyond bone mineral density, and effects of pharmaceutical intervention and osteoarthritis-related microdamages of subchondral bone.
We hypothesized that local morphometric parameters of the adolescent cancellous bone might be significantly different from those of adult cancellous bones, and the combination of 3D microarchitectural properties and morphometric parameters of individual rod-and plate-like trabeculae could improve the prediction of mechanical properties.
Materials and methods
The materials used in this study have been described in detail by Ding et al [1] . Briefly, human left proximal tibiae were collected from 23 donors with mean age 21 years (9e30 years). All these donors were Caucasians, and 5 were females and 18 were males. A criterion for sample selection was strictly controlled [12] , i.e., these donors had all died suddenly from either traumatic or acute disease. No history of musculoskeletal diseases was recorded. They had always been active physically and had no more than 2 weeks of immobilization before death. No macroscopic pathological changes were observed in tibiae, and the cartilage was intact. The protocol was approved by the Department of Orthopaedics and Institute of Forensic Medicine, Aarhus University Hospital, Denmark [1] .
Specimen preparation
The processing of subchondral bone samples is described elsewhere [1] . These samples were harvested from the epiphyseal areas beneath a thin layer of the subchondral plate and above the growth plate. The specimens were sawed out from standardized locations of both condyles (EXAKT Diamond saw, Nordenstedt, Germany, and LEICA SP 1600 saw microtome, Wetzlar, Germany). These specimens had dimensions of 8 Â 8 Â 8 mm 3 with identifiable orientations of anterioreposterior (AP), medialelateral (ML) and cephalocaudal (CC) directions (Fig. 1) . The orientations of samples were marked. After completing the preparation, the specimens were frozen and stored in sealed plastic Figure 1 Study design. Cancellous bone samples were obtained beneath the thin layer of the subchondral plate and above the growth plate by using plastic template, which was available in different scales [1] . Four cubic specimens with dimensions of 8 Â 8 Â 8 mm 3 were sawed out, two from each medial and lateral condyles of each 23 human normal proximal tibia. Threedimensional reconstruction of cancellous bone is displayed at the right side of lower corner, and volumetric spatial decomposition of trabeculae is illustrated at the middle and left sides of lower panel. Orientations of the sample are indicated. To investigate possible differences, the samples were divided into three groups: adolescents (9e17 years), young adults (18e24 years) and adults (25e30 years). These samples were scanned using micro-CT, and volumetric spatial decomposition was performed to quantify rodand plate-like trabeculae and related properties. Stepwise multiple linear regressions were performed to determine the best predictor for mechanical properties as dependent variables, and all measured global microarchitectural properties, local morphometric properties and physical and compositional properties as independent (explanatory) variables. Regression analyses were further performed to determine the best predictor for mechanical properties independent of bone mineral density. AP Z anterioreposterior; CC Z cephalocaudal; CT Z computed tomography; ML Z medialelateral.
tubes at À20 C. Six samples from the standardized location of each medial and lateral condyle, i.e., a total 276 samples, were used in this study [1] .
Micro-CT scanning
All 276 bone samples were scanned using micro-CT by means of a high-resolution scanner (vivaCT 40, Scanco Medical AG, Brüttisellen, Switzerland) to quantify their 3D microarchitectural properties. The 3D reconstruction cubic voxel sizes of the scanned images were 10.5 Â 10.5 Â 10.5 mm 3 (2048 Â 2048 Â 2048 pixels) with 32-bit grey levels. After scanning, the micro-CT images were segmented using the segmentation techniques [13] with a slight modification [14] to obtain accurate 3D imaging data sets (Fig. 1) .
Three-dimensional cancellous bone microarchitecture
Three-dimensional microarchitectural parameters of adolescent cancellous bone were calculated [1] . These 3D microarchitectural parameters were bone volume fraction (BV/TV, %), structure model index (SMI), trabecular thickness (Tb.Th, mm), degree of anisotropy (DA, -), connectivity density (Conn.D, mm
À3
), bone surface density (BS/TV, mm À1 ), bone surface to volume ratio (BS/BV, mm À1 ), trabecular separation (mm) and trabecular number (mm À1 ), respectively [1] . These parameters have been reported in detail elsewhere [1] and are used in this study only in a regression model associated with mechanical, physical and compositional properties and local morphometric parameters ( Fig. 1) .
Morphometry of rod-and plate-like trabeculae
VSD of trabecular structures was performed using the techniques developed by Stauber and Müller [7] and Stauber et al [8] to compute local morphometric indices at a trabecular level. Morphometric parameters of individual rods and plates were quantified directly from 3D images ( Fig. 1 ). All the parameters were computed by means of standard morphometric algorithms as implemented in the image processing language (Version 6.0; Scanco Medical AG, Switzerland). Each VSD analysis of a bone sample took approximately 8 hours. Basically, the following abbreviations are used as suggested by Stauber and Müller [7] : prefix Pl for plates, Ro for rods and El for elements (either plate or rod). V, S and Th are used to denote the volume, surface and thickness of one single element, and BV and BS for the sum of the volume and surface over all elements, respectively, and brackets (hi) to denote mean values averaged over all elements of the same type [7, 8] .
These local morphometric parameters, the measures of individual trabecular elements, were calculated. These parameters were the rod volume density (Ro.BV/TV) defined as the total rod volume divided by total volume of interest in percent, the plate volume density (Pl.BV/TV) defined as total plate volume divided by total volume of interest in percent, the relative bone volume fraction of rods (Ro.BV/BV) and plates (Pl.BV/BV Z 100% À Ro.BV/BV) in percentage, were determined as well [7] . Furthermore, the mean volume (hRo.Vi, hPl.Vi), the mean surface (hRo.Si, hPl.Si) and the mean thickness (hRo.Thi, hPl.Thi) averaged for each structure over all rods and plates separately were calculated. The mean orientation (hRo.qi), the angle between the orientation of the element and the image axis that aligned along the CC direction of the tibia, and the mean longitudinal length of trabecula (hRo.Lei, hPl.Lei) were computed ( Table 1 , Fig. 1 ) [7, 8] .
Mechanical properties and collagen and mineral concentrations
After micro-CT scanning, four samples from each medial and lateral condyle (i.e., two anterior and two posterior samples, and left two middle for another study) were used for the mechanical test [1] . These samples (n Z 184) were tested in compression on an 858 Bionix MTS hydraulic material testing system (MTS Systems Co., Minneapolis, Minnesota, USA), using a 1 kN load cell. The mechanical tests were performed destructively in the CC direction to determine ultimate stress (strength, MPa), Young's modulus (MPa), failure energy (kJ/cm 3 ) and ultimate strain (%) [1] . These parameters were only used in a regression model associated with 3D microarchitectural properties and morphometric parameters of rod-and plate-like trabeculae [1] .
Furthermore, bone densities and mineral and collagen concentrations were determined as described in detail elsewhere [12] , and the methods are briefly reported subsequently. After defatting in a 1:1 mixture of alcohol and acetone for 48 hours, the specimens were heated in a Ringer's solution at 60e65 C for about 1 hours. After cooling, trypsin from porcine pancreas (SigmaeAldrich) was added to 0.5% and the specimens were incubated for 16 hour at 37 C. The dry weight of the freeze-dried specimens and the submerged weight of the specimens were recorded using a Mettler AT250 balance (Mettler Instruments AG, Greifensee, Switzerland). Apparent density (g/cm 3 ) was calculated as dry weight of the defatted specimen per total volume of the specimen, and tissue density (g/cm 3 ) was calculated as dry weight of the defatted specimen per volume of the bone matrix excluding marrow space [12] .
Finally, the specimens were further cut into four pieces for duplicate determinations of mineral (ash) and collagen concentrations. The collagen (tissue) concentration was determined as collagen weight of the specimen per dry weight of the specimen (%). The specimens were burned in a muffled oven at 100 C for 2 hours and 580 for 18 hours, and the dry weight of the ash was recorded. The mineral concentration was determined as the mineral weight (ash weight) of the specimen per dry weight of the specimen (%) [14, 20] . These parameters were also only used in a regression model associated with microarchitectural properties and individual trabecular morphometric parameters [1] .
Statistical analysis
All statistical analyses were done using IBM SPSS (version 24; SPSS Inc, Chicago, Illinois).
The differences between properties in three age groups were compared by a one-way analysis of variance, and the differences between medial and lateral condyles were assessed by paired t test. The equal variance of the data was assessed by the Levene test and the normality by the Omnibus test. If the F test revealed a significant level, post hoc multiple comparisons were performed by the Bonferroni test or the Dunnett test when appropriate to test difference between groups. Furthermore, linear and stepwise multiple linear regression analyses were used to assess the associations between one of the mechanical properties as a dependent variable and all measured 3D microarchitectural properties and morphometric properties of rod-and platelike trabeculae and physical and compositional properties as independent (explanatory) variables. A p value <0.05 was considered significant. Because there were only five females included, the potential gender-related variations could not be analysed.
Results
Three-dimensional reconstructions of micro-CT images of samples with different ages are displayed (Fig. 2) . After VSD of trabecular elements, the mean orientation of rods relative to the image axis of a sample (i.e., the axial CC direction of tibia) was significantly greater in the young adult than in the adults. The mean longitudinal length of rods was significantly greater in the adolescents than in the young adults. Plate density showed an increasing trend with age, although not significant. The other measured parameters did not reach significant difference among groups (Table 1) .
In the adolescents, the relative volume fraction of plates was significantly greater medially than laterally, and the rod volume density, relative bone volume fraction of rods and the mean longitudinal length of plates were lower medially than laterally. In the young adults, rod volume density was lower medially than laterally. In the adults, mean orientation of plates was greater medially than laterally (Table 2 ).
In the medial condyle, mean orientation of rods in the young adults was significantly greater than in the adults. In the lateral condyle, mean thickness of rods was lower in the young adults than in the adolescents and the adults, mean orientation of rods was greater in the young adults than in the adults and mean longitudinal length of rods was greater in the adolescents than in the young adults ( Table 3) .
The apparent density (g/cm 3 ) has been calculated [1] , and is reported because it is a key parameter for determining mechanical properties. The adolescents have an overall value of 0.34 AE 0.08 (medial, 0.36 AE 0.08; lateral, 0.33 AE 0.08; p Z 0.27), the young adults 0.37 AE 2.25 (medial, 0.37 AE 0.08; lateral, 0.37 AE 0.11; p Z 0.79) and the adults 0.39 AE 0.09 (medial, 0.42 AE 0.08; lateral, 0.36 AE 0.09; p Z 0.05) [1] .
Stepwise multiple linear regression analyses were performed to determine the best predictors for mechanical properties. Apparent density alone explained 59% variation in Young's modulus (p < 0.001), 68% and 75% by adding plate thickness and rod volume density, respectively. Apparent density alone explained 77% variation in ultimate stress (p < 0.001), 83% and 89% by adding plate volume density and plate volume, respectively. Apparent density alone explained 34% variation in failure energy (p < 0.01) ( Table 4) .
In the adolescents, mean orientation of rods explained 71% variation in Young's modulus. Plate volume explained 81% variation in ultimate stress. ConnD explained 94% variation in failure energy, 99% by adding the mean orientation of rods. In the young adults, apparent density explained 79% variation in Young's modulus and 86% variation in ultimate stress. Bone volume fraction explained 67% variation in failure energy, 83% by adding the collagen content. In the adults, bone surface density explained 83% variation in Young's modulus. Apparent density explained 76% variation in ultimate stress (Table 4) .
Discussion
This study investigated the morphometric parameters of rod-and plate-like trabeculae in normal adolescent Table 3 Comparison of rod-and plate-like trabeculae of the medial and the lateral tibial condyles among three groups (mean AE SD, 276 samples from n Z 23 tibiae).
Local morphometry
Adolescents (g1, 9e17 y, n Z 6) Young adults (g2, 18e24 y, n Z 9) Adults (g3, 25e30 y, n Z 8) Paired t tests were performed. ANOVA Z analysis of variance; Pl.BV/BV Z relative bone volume fraction of plates; Pl.BV/TV Z plate volume density; hPl.Lei Z mean longitudinal length of plates; hPl.Si Z mean surface of plates; hPl.Thi Z mean thickness of plates; hPl.Vi Z mean volume of plates; hPl.qi Z mean orientation of plates; Ro.BV/BV Z relative bone volume fraction of rods; Ro.BV/TV Z rod volume density; hRo.Lei Z mean longitudinal length of rods; hRo.Si Z mean surface of rods; hRo.Thi Z mean thickness of rods; hRo.Vi Z mean volume of rods; hRo.qi Z mean orientation of rods.
cancellous bone in proximal tibiae and compared with the young adults and the adults. This study further determined the best predictors for mechanical properties from the measured morphometric parameters of individual rod-and plate-like trabeculae together with 3D microarchitectural properties and physical and compositional properties in an early study [1] . The present study revealed significant differences in some morphometric parameters among three age groups and between condyles. The single best predictor for the mechanical properties except ultimate strain was apparent density. Adding morphometric parameters would improve this prediction. Using a new approach of VSD of trabeculae from micro-CT images, a 3D bone structure was divided into its basic rod and plate elements. This approach was based on an image skeletonization method, where two model parameters were used to identify an ideal skeleton, and various parameters of the local morphometric index can be computed. A previous study has shown that local morphometric indices are reliable measures and could demonstrate large differences between samples. Morphometric analysis of rod-and plate-like trabeculae has provided insight into structural differences of the cancellous bone in a local individual trabecular fashion [7] .
This study showed that differences among three groups were particularly significant in the mean orientation of rods relative to the image axis with greater in the young adults than in the adults, and also significant in the mean longitudinal length of rod with lowest value in the young adults (Table 1) . Specifically, the mean orientation of rods relative to the image axis increased from adolescents to the greatest values in the young adults, and then declined in the adults. The mean longitudinal length of rods decreased from adolescents to be lowest in the young adults and then increased in the adults. Plate volume density showed an increasing trend with age, although not significant. The trend of plate volume density was similar to the observed trend in the SMI [1] , suggesting trabeculae changed towards more plate-like structure from adolescents to adults. These results were in line with a previous report that trabeculae in young to middle ages were more plate-like structures [15] . Other measured parameters were relatively constant and did not differ from adolescents to adults (Table 1) . These results revealed the particular active morphometric parameters that changed from development to growth and during bone modelling and remodelling.
A previous publication has shown the differences in microarchitecture between medial and lateral condyles. In the medial condyle, bone surface density was significantly lower in the adolescents than in the adults, with significantly greater trabecular separation and lower trabecular number in the adolescents compared with the young adults and the adults [1] . The TbTh in the adolescents was significantly greater than in the young adults, with Table 4 Stepwise multiple linear regression analysis on the associations between mechanical properties as dependent variables, and all measured global microarchitectural, local morphometric properties and physical and compositional properties as independent variables (all data, n Z 23).
Mechanical properties
Young significantly greater anisotropy in the young adults than in the adolescents and the adults, whereas the lateral condyle did not show microarchitectural differences among the groups [1] . Some morphometric parameters measured between the medial and lateral condyles also differ from each other in the three age groups (Table 2 ). In the adolescents, the medial condyle had relatively greater plate volume density (not significant) and significantly greater relative volume fraction of plates, and lower relative bone volume fraction of rods than the lateral condyles. These results are in line with the greater SMI that trabeculae at the medial condyle are more plate-like structures, which might be because of the fact that the medial condyle of tibiae receives more force during daily loading. In the young adults and the adults, the medial condyle had lower rod volume density than the lateral condyle, suggesting a clear trend of microarchitectural changes during growth, so that the lateral trabeculae were more rod-like structures, whereas trabeculae in the medial condyle were more plate-like structures [1] (Table 2 ). Some differences were seen after separate analysis of morphometric properties between the medial and the lateral condyle over the three age groups (Table 3) . These changes should be considered together with the other morphometric parameters.
Taken together, the present study has demonstrated local morphometric changes during development and growth. In particular, the mean longitudinal length of rods was significantly greater in the adolescent than in the young adult. Plate volume density showed an increasing trend with age, although not significant. It is revealed that trabeculae were more plate-like structures in adolescents in the medial condyle than in the lateral condyle and changed towards more plate-like structures in the adults.
The analysis of the associations between morphometric parameters and mechanical properties revealed that Young's modulus and ultimate stress correlated best with plate volume density (R Z 0.66, R Z 0.79, respectively). These results supported a previous assumption that platelike trabeculae reflected stronger mechanical properties [15] in the uniaxial loading direction. Failure energy significantly correlated with plate volume density (R Z 0.57) and plate volume (R Z 0.44). Thus, plate properties like plate volume density are better relevant trabecular morphometric parameters correlated with mechanical properties.
This study determined the best predictors (Table 4) for mechanical properties by means of a stepwise multiple linear regression analysis. In the analysis, the mechanical properties represent dependent variables, and all the measured 3D microarchitectural properties and morphometric parameters of rod-and plate-like trabeculae and physical and compositional properties represent independent variables. The apparent density appears to be the single best predictor for mechanical properties apart from ultimate strain. These results are in line with previous studies [8, 12] . The morphometric parameters will improve this prediction (Table 4) . Furthermore, a stepwise multiple linear regression analysis is reported here when data are divided into three age groups. However, care must be taken because the sample size becomes small.
Three-dimensional microarchitectural analysis of trabecular bone has been a classical method for the quantification of cancellous bone microarchitecture. Recently, several attempts have been made to quantify individual morphometric parameters by decomposing trabeculae into rod and plate elements [7,11,16e20 ]. Stauber and Müller [7] proposed a computational approach for the VSD of trabecular structures into its basic rod and plate elements. This method has been validated and demonstrated the importance of local morphometry in assessing bone mechanical properties [8] , vertebral bone strength [10] and in understanding age-related changes in the local bone microstructure [9] . Other researchers have also developed similar techniques. Van Ruijven et al [21] reported the effect of bone loss on rod-like and plate-like trabeculae in mandibular condyle. Guo's group has developed a technique called individual trabecular segmentation, to assess trabecular plate and rod microstructure separately based on micro-CT images [11] , and related to mechanical properties [22] and tissue mineral density [23] . They have applied this technique to quantify local morphometric changes in in vivo from high-resolution peripheral quantitative CT measurements at both the radius and tibia in patients with postmenopausal vertebral fractures [18] . They also used this technique to discriminate postmenopausal fragility fractures [18, 19] , and postmenopausal women with vertebral fractures [24] or treated with glucocorticoids [25] .
With this advanced technique, morphometric analysis of individual trabeculae will undoubtedly play an important role in quantifying individual trabecular morphometry of cancellous bone. This technique will provide more insight into the mechanism of microarchitectural changes during ageing, fracture repair, bone regeneration, disease processes and the effects of pharmaceutical intervention beyond bone density.
Several limitations of this study need to be mentioned. First, a relatively limited number of samples were used in this study that comprise the general conclusions, and any interpretation from this data set should be of caution. The real association between mechanical and 3D microarchitectural properties and morphometric parameters of rod-and plate-like trabeculae should be confirmed using large data set. Second, the samples were harvested from proximal tibiae, and the properties may vary between anatomic locations, and, e.g., the properties at lumbar spine and femoral head may have substantial differences from tibiae. Nevertheless, this study is unique as it is the first report, to the best of our knowledge, which describes the individual morphometric parameters of rod-and platelike trabeculae and its roles in predicting mechanical properties, and the associations among various properties in adolescent cancellous bone.
Conclusions
This study has revealed for the first time the morphometric parameters of rod-and plate-like trabeculae in adolescent cancellous bone in the proximal tibiae and compared with the young adults and adults. The present study demonstrated that significant differences in some morphometric parameters, e.g., the mean orientation of rods relative to the image axis, were significantly greater in the young adults than in the adults. Plate volume density showed an increasing trend with age, although not significant. Trabeculae in the medial condyle were more plate-like structures in adolescents and changed towards more plate-like structures in the adults. The single best predictor for the mechanical properties was apparent density. Morphometric parameters might improve this prediction. This study will improve our understanding of morphometric changes in individual trabeculae during development and growth. Furthermore, separate analysis of individual rods and plates may also further quantify disease-related morphometric changes beyond bone mineral density.
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